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SUMMARY 

A s w i r l i n g  j e t  w i t h  a s w i r l  number o f  S = 0.12 i s  e x i t e d  by p l a n e  acous- 
t i c  waves a t  v a r i o u s  S t rouha l  numbers ( S t  = fD/U,). The maximum f o r c i n g  ampl i -  
tude o f  e x c i t a t i o n  was a t  6.88 pe rcen t  o f  the time-mean a x i a l  v e l o c i t y  a t  a 
S t rouha l  number o f  S t  = 0.39. The maximum time-mean t a n g e n t i a l  and a x i a l  
v e l o c i t i e s  a t  t h e  nozz le  e x i t  w e r e  18 and 84 m/sec r e s p e c t i v e l y .  I t  was 
observed t h a t  t h e  s w i r l i n g  j e t  was e x c i t a b l e  by p lane  a c o u s t i c  waves and t h e  
"p re fe r red "  S t rouha l  number based on t h e  nozz le  d iameter  and e x i t  a x i a l  
v e l o c i t y  o f  t h e  j e t  was about 0.39. A s  a r e s u l t  o f  e x c i t a t i o n  a t  t h i s  
frequency, t h e  time-mean a x i a l  v e l o c i t y  decayed f a s t e r  a l o n g  t h e  j e t  c e n t e r -  
l i n e ,  r e a c h i n g  about  89 p e r c e n t  o f  i t s  u n e x c i t e d  va lue  a t  x / D  = 9. A l s o  t h e  
h a l f  v e l o c i t y  r a d i u s  and momentum th i ckness ,  a t  7 nozz le  d iameters downstream, 
i nc reased  by  13.2 and 5 .8  pe rcen t  r e s p e c t i v e l y ,  i n d i c a t i n g  more j e t  spread and 
enhanced m i x i n g .  
da ta  i n d i c a t i n g  any m i x i n g  enhancement o f  s w i r l i n g  j e t s  by a c o u s t i c  e x c i t a t i o n .  

To o u r  knowledge, t h i s  i s  t h e  f i r s t  r e p o r t e d  exper imen ta l  

INTRODUCTION 

C o n t r o l l e d  e x c i t a t i o n  o f  n o n s w i r l i n g  j e t s  has been e x t e n s i v e l y  s t u d i e d  i n  
t h e  p a s t  few yea rs  by many i n v e s t i g a t o r s  i n c l u d i n g  Crow and Champagne ( r e f .  l), 
Chan ( r e f s .  2 and 31, Moore ( r e f .  4 ) .  Hussain and Zaman ( r e f s .  5 and 61, and 
Ahuja e t  a l .  ( r e f .  7). E x c i t a t i o n  a t  t h e  r i g h t  l e v e l  and S t rouha l  number has 
been shown t o  r e s u l t  i n  a f a s t e r  spread r a t e  due t o  t h e  h i g h e r  en t ra inmen t  
caused by t h e  e n g u l f i n g  a c t i o n  o f  t h e  l a rge -sca le  coherent  s t r u c t u r e s  i n  t h e  
i n i t i a l  r e g i o n  o f  t h e  m i x i n g  l a y e r .  

Zaman and Hussain ( r e f s .  8 and 9) showed t h a t  t u r b u l e n c e  i n  a c i r c u l a r  
n o n s w i r l i n g  j e t  i s  enhanced by e x c i t a t i o n  a t  S t rouha l  numbers between 0.2 and 
0.8 and i s  suppressed between 2 and 4. They a l s o  concluded t h a t  enhancement 
or suppress ion o f  tu rbu lence  n o t  o n l y  depends on t h e  e x c i t a t i o n  S t rouha l  
number, b u t  a l s o  i s  a f f e c t e d  by the  n a t u r e  o f  t h e  nozz le  boundary l a y e r  
( i . e . ,  l a m i n a r ,  t r a n s i t i o n a l ,  or t u r b u l e n t ) .  Moore ( r e f .  4 )  and Ahuja e t  a l .  
( r e f .  7) showed t h a t  t h e  t h r e s h o l d  l e v e l  o f  t h e  a c o u s t i c  p ressu re  e x c i t a t i o n  
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f o r  e f f e c t i v e  t u r b u l e n t  m ix ing ,  and a consequen t ia l  j e t  no i se  a m p l i f i c a t i o n ,  
can be taken to  be 0.08 p e r c e n t  o f  t h e  j e t  dynamic p ressu re  a t  t h e  c o r r e c t  
S t rouha l  number. 

Tu rbu len t  j e t s  w i t h  s w i r l  e x h i b i t  d i s t i n c t i v e  c h a r a c t e r i s t i c s  absent  
i n  t h e i r  n o n s w i r l i n g  c o u n t e r p a r t s .  
n e a r f i e l d  ( x / D  < 5) by t h e  s t a t i c  p ressu re  g r a d i e n t s  i n  bo th  a x i a l  and r a d i a l  
d i r e c t i o n s ,  consequent ly  t h e  mechanism f o r  j e t  spread i s  m a i n l y  an i n v i s c i d  
phenomenon. S w i r l i n g  j e t s  a re  a l s o  i n h e r e n t l y  h i g h l y  t u r b u l e n t .  The above 
c h a r a c t e r i s t i c s  make these flows n o t  e a s i l y  respons ive  t o  any k i n d  o f  e x c i  t a -  
t i o n .  
however, from t h e  p o i n t  o f  v iew o f  improv ing  t h e  performance o f  many engine 
components such as combustion chambers and r o t a t i n g  turbomachinery,  as w e l l  as 
v o r t e x - l i f t  dev ices f o r  e x t e r n a l  aerodynamics. 

S w i r l i n g  flows a re  p r i m a r i l y  d r i v e n  i n  t h e  

M i x i n g  enhancement and c o n t r o l  o f  s w i r l i n g  f l o w s  a re  o f  i n t e r e s t ,  

The r e c e n t  s tudy of t h e  c o n t r o l l e d  e x c i t a t i o n  of a c o l d  t u r b u l e n t  s w i r l i n g  
j e t  by t h e  au tho rs  ( r e f s .  10 t o  12),  was t h e  f i r s t  exper imenta l  a t t e m p t  towards 
b a s i c  understanding o f  t h i s  phenomenon. 
flow w i t h  s w i r l  number o f  0.35 ( d e f i n e d  as t h e  r a t i o  o f  t h e  f l u x  o f  angu la r  
momentum to  a x i a l  momentum norma l i zed  by nozz le  e x i t  r a d i u s ) .  The time-mean 
a x i a l  v e l o c i t y  d i s t r i b u t i o n  d i d  n o t  have a " top -ha t "  r a d i a l  p r o f i l e  a t  t h e  noz- 
z l e  e x i t .  The e x c i t a t i o n  l e v e l  o f  p lane  a c o u s t i c  waves was h e l d  c o n s t a n t  a t  
124 dB a t  v a r i o u s  S t rouha l  numbers. The r e s u l t s  showed t h a t  even though t h e  
a x i a l  v e l o c i t y  d i s t r i b u t i o n  a t  t h e  nozz le  e x i t  d i d  n o t  have a " top -ha t "  pro-  
f i l e ,  t h e  i n s t a b i l i t y  waves w e r e  a m p l i f i e d  r a p i d l y  i n  t h e  streamwise d i r e c t i o n ,  
r e a c h i n g  a maximum i n  amp l t i ude  and then  decaying f u r t h e r  downstream. E x c i t a -  
t i o n  a t  a S t rouha l  number o f  0.4 e x h i b i t e d  t h e  l a r g e s t  growth.  Furthermore, 
i t  was observed from these r e s u l t s  t h a t  t h e  i n s t a b i l i t y  waves peaked c l o s e r  t o  
t h e  nozz le  e x i t  and t h e i r  maximum ampl i tudes w e r e  o n l y  about 50 p e r c e n t  o f  
t h e i r  c o u n t e r p a r t s  i n  t h e  n o n s w i r l i n g  j e t  hav ing  t h e  same mass f l u x ,  Mach 
number and Reynolds number. 

The exper iments were conducted f o r  a 

The o b j e c t i v e  o f  t h e  p r e s e n t  s tudy  was t o  f u r t h e r  i n v e s t i g a t e  t h e  e x c i t a -  
b i l i t y  o f  s w i r l i n g  j e t s  by p lane  a c o u s t i c  waves. The emphasis o f  t h e  research  
was t o  s tudy  t h e  i n f l u e n c e  o f  e x c i t a t i o n  on mean f low c h a r a c t e r i s t i c s .  
accompl ish t h i s ,  a new a c o u s t i c  d r i v e r  s y s t e m  capable o f  p r o v i d i n g  much l a r g e r  
e x c i t a t i o n  ampl i tudes was used. Also t h e  exper iments w e r e  conducted a t  lower 
s w i r l  numbers than t h e  p r e v i o u s  exper iments and w i t h  r a d i a l  p r o f i l e s  o f  a x i a l  
v e l o c i t y  t h a t  were more n e a r l y  " top -ha t " .  E f f e c t s  o f  s w i r l  number on j e t  
e x c i t a b i l i t y  w e r e  s t u d i e d  by comparing the  response o f  two j e t s  a t  d i f f e r e n t  
s w i r l  numbers t o  a c o u s t i c  e x c i t a t i o n .  Some comparisons o f  t h e  r e s u l t s  w i t h  
t h a t  o f  a n o n s w i r l i n g  j e t  generated i n  t h e  same f a c i l i t y  a r e  a l s o  made. 

To 

NOMENCLATURE 

nozz le  e x i t  d iamete r ,  3.5 i n .  (8.89 cm) 

GX 

2 

e x c i t a t i o n  f requency,  Hz 

2 a x i a l  momentum f l u x ,  = 2n (pU + ( p  - p m ) > r  d r  



. -  

OD 

angular momentum flux, = 2np 1 r2 UW dr 
0 

G@ 

P a3 ambient pressure 

R nozzle exit radius, 1.75 in. (4.45 cm) 

r radial distance from the jet centerline 

S 

St 

swirl number, = (A) 
Strouhal number, = (v) 

a 

U,V,W time-mean axial, radial and tangential velocity components 

ua mass-averaged axial velocity at the nozzle exit 

UC time-mean axial velocity component on the jet centerline 

Uc e time-mean axial velocity component at the center of the nozzle exit 

u' , v u  ,w' axial, radial and tangential rms velocity fluctuations 
I 

rms axial velocity fluctuation on the jet centerline uC 

I 

fundamental rms amplitude Uf 
I 

fundamental rms amplitude at the center nozzle exit 'fe 

X axial distance from the nozzle exit plane along the jet centerline 

e momentum thickness (in.) 

P density 

Abbrev i at i ons 

dB decibel (re. 20 pPa) 

SPL sound pressure level 
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EXPERIMENTAL FACILITY 

Swir l -Generator  and E x c i t a t i o n  S e c t i o n  

F i g u r e  1 i s  a schematic diagram of t h e  t e s t  set-up. Plane a c o u s t i c  waves 
were generated by two L i n g  Model EPT-94B E l  ectro-Pneumati c a c o u s t i c  d r i v e r s ,  
p o s i t i o n e d  180" a p a r t  around a 16.14 i n .  (41 cm) c y l i n d r i c a l  s e c t i o n  and oper-  
a t e d  i n  phase. Each d r i v e r  i s  an e l e c t r i c a l l y - c o n t r o l l e d  a i r  modu la to r  capable 
o f  g e n e r a t i n g  170 dB SPL i n  t h e  near f i e l d .  The d r i v e r s  were opera ted  by an 
a i r  supply  o f  124 p s i g  (87 184 kg/m2) a t  a maximum flow r a t e  o f  0.6 l b / s e c  
(0.27 kg /sec> .  The a i r  l e a v i n g  t h e  d r i v e r s  was d i r e c t e d  i n  t h e  t a n g e n t i a l  
d i r e c t i o n  by means o f  scoops j u s t  i n s i d e  of  t h e  plenum. A f t e r  l e a v i n g  t h e  
plenum, t h e  s w i r l i n g  a i r  was passed th rough  a 30 mesh screen and a t r i p - r i n g  
b e f o r e  e n t e r i n g  the  3.5 i n .  (8.89 cm) d iameter  nozz le .  The screen and t r i p -  
r i n g  were l o c a t e d  13 i n .  (33 cm) upstream of t h e  n o z z l e  e x i t  where t h e  d iameter  
o f  t h e  c o n t r a c t i n g  s e c t i o n  was 5.16 i n .  (13.1 cm). The n o z z l e  had an 8.66 i n .  
(22 cm) l o n g  c y l i n d r i c a l  s e c t i o n  p r i o r  t o  i t s  e x i t .  The complete j e t  f a c i l i t y ,  
w i t h  d i f f e r e n t  arrangement o f  a c o u s t i c a l  d r i v e r s ,  i s  shown i n  f i g u r e  2. 

I n s t r u m e n t a t i o n  

Three components o f  time-mean v e l o c i t y ,  as w e l l  as s t a t i c  and t o t a l  pres-  
sures were measured by a 5-hole p i t o t  probe hav ing  a d iameter  o f  0.125 i n .  
( 0 . 3 1 8  crn) a t  the  measuring t i p .  The probe t i p  has a 45" cone ang le  and t h e  
pressu re  p o r t s  a re  l o c a t e d  a t  t h e  midspan of t h e  c o n i c a l  s u r f a c e .  The 5-hole 
probe i s  s e l f - n u l l i n g  i n  t h e  yaw d i r e c t i o n ,  w h i l e  t h e  p i t c h  ang le ,  time-mean 
v e l o c i t y  components, as w e l l  as mean pressures a r e  computed from t h e  measured 
pressures and t h e  probe c a l i b r a t i o n  curves. 
and 11 can be consul ted.  

For f u r t h e r  d e t a i l s ,  r e f e r e n c e s  10 

The a x i a l  component o f  f l u c t u a t i n g  v e l o c i t y  was measured a l o n g  t h e  j e t  
c e n t e r l i n e  u s i n g  a T S I  model 1260A-10 h o t  w i r e  probe and a D I S A  model 55M01 
cons tan t  temperature anemometer employing a D ISA model 55M25 l i n e a r i z e r .  Along 
t h e  j e t  a x i s ,  t h e  t a n g e n t i a l  and r a d i a l  v e l o c i t y  components a r e  n e g l i g i b l e  com- 
pared t o  t h e  a x i a l  component, and t h e r e f o r e  t h e  r e s u l t s  from a s i n g l e  element 
ho t -w i re  probe were assumed t o  r e p r e s e n t  t h e  a c t u a l  streamwise v e l o c i t y  f l u c t u -  
a t i o n s .  The fundamental-rms amp l i t ude  a t  each streamwise l o c a t i o n  was o b t a i n e d  
by a n a l y z i n g  t h e  ho t -w i re  s p e c t r a  a t  t h e  e x c i t a t i o n  f requency.  
phase ave rag ing  technique was a p p l i e d ,  t h e  ampl i tude  o f  t h e  fundamental  wave 
was s i g n i f i c a n t l y  above t h e  background noise,  which i n s u r e d  n e g l i g i b l e  contami-  
n a t i o n  o f  t h e  i n s t a b i  1 i t y  wave ampl i tude w i t h  background t u r b u l e n t  n o i s e .  
p reven t  t h e  probe h o l d e r  suppor t  from e n t e r i n g  t h e  f l o w f i e l d  and con tamina t ing  
t h e  d a t a  due t o  i t s  v i b r a t i o n ,  o n l y  h a l f  t r a v e r s e s  were made s t a r t i n g  from t h e  
j e t  c e n t e r l i n e  f o r  b o t h  h o t  w i r e  and 5-hole probe measurements. 

Even though no 

To 

E x c i t a t i o n  sound p ressu re  l e v e l  and f l u c t u a t i n g  p ressu re  spec t ra ,  a t  t h e  

I 
I 

cen te r  o f  t h e  nozz le e x i t ,  were measured u s i n g  a model 4135 (B & K) microphone. 
The microphone has an o u t s i d e  d iameter  o f  0.25 i n .  (0.64 cm) and was f i t t e d  

t h e  e x c i t a t i o n  f requency, was o b t a i n e d  from t h e  s p e c t r a  o f  t h e  microphone s i g -  
w i t h  a b u l l e t  head f a i r i n g .  The sound p ressu re  l e v e l  i n  dB ( r e .  20 pPa). a t  

na l  u s i n g  a Wavetek model 804A s i g n a l  ana lyze r .  1 

I 
I 
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Test  C o n d i t i o n s  

I n  t h i s  s tudy,  t h e  e x c i t a b i l i t y  o f  a s w i r l i n g  j e t ,  w i t h  a mass f low r a t e  
o f  1.2 l b / s e c  (0.54 kg/sec)  was e x p e r i m e n t a l l y  i n v e s t i g a t e d .  The exper iments 
were conducted by e x c i t i n g  a f r e e  j e t  w i t h  a s w i r l  number o f  S = 0.12 by p lane  
a c o u s t i c s  waves. The s w i r l  number here i s  d e f i n e d  as 

S = J pUWr'drlR Jo  [pu2 + (p - pm)]r d r  
0 

The maximum time-mean t a n g e n t i a l  and a x i a l  v e l o c i t i e s  a t  t h e  nozz le  e x i t  p lane  
were 58.8 f p s  (17.9 m/sec) and 275 fps (83.8 m/sec) r e s p e c t i v e l y .  The respec- 
t i v e  Mach and Reynolds numbers o f  t h e  j e t  based on t h e  mass averaged a x i a l  
v e l o c i t y  a t  t h e  nozz le  e x i t  where 0.22 and 460 000. The maximum f o r c i n g  ampl i -  
tude o f  t h e  e x c i t a t i o n  was 6.88 p e r c e n t  o f  time-mean a x i a l  v e l o c i t y  a t  a St rou-  
ha1 number o f  S t  = 0.39, measured a t  t h e  c e n t e r  o f  t h e  n o z z l e  e x i t  p lane .  

RESULTS 

Mean Flow Measurements 

The r a d i a l  d i s t r i b u t i o n s  o f  time-mean a x i a l  v e l o c i t y  a t  v a r i o u s  down- 
stream l o c a t i o n s  a re  p l o t t e d  i n  f i g u r e  3 (a ) .  
h a t "  d i s t r i b u t i o n  a t  t h e  nozz le  e x i t  and t r a n s i t i o n s  to  more o f  a Gaussian 
shape a f t e r  about 1.5 nozz le  d iameters downstream. The time-mean s w i r l  ( t a n -  
g e n t i a l )  v e l o c i t y  has a r a d i a l  p r o f i l e  a t  t h e  nozz le  e x i t  which resembles t h a t  
o f  a Rankine-type v o r t e x ,  predominated by so l id-body r o t a t i o n ,  as shown i n  
f i g u r e  3(b) .  The downstream decay o f  t h e  maximum s w i r l  v e l o c i t y  i s  much 
f a s t e r  than t h e  decay o f  t h e  a x i a l  v e l o c i t y  component, as expected. 

The p r o f i l e  has a lmost  a " t o p  

I n s t a b i l i t y  Wave Measurements 

The j e t  was e x c i t e d  a t  v a r i o u s  f r e q u e n c i e s ,  by p lane  a c o u s t i c  waves. The 
v a r i a t i o n  of t h e  rms amp l i t ude  o f  v e l o c i t y  f l u c t u a t i o n s  a t  t h e  fundamental  
e x c i t a t i o n  f requency (u;), a l o n g  t h e  j e t  cen te r1  i n e ,  co r respond ing  t o  v a r i o u s  

e x c i t a t i o n  S t rouha l  numbers, i s  shown i n  f i g u r e  4. The " p r e f e r r e d "  S t r o u h a l  
number based on t h e  nozz le  e x i t  d iameter ,  mass averaged a x i a l  v e l o c i t y ,  and 
e x c i t a t i o n  f requency was about 0.39 as i n d i c a t e d  i n  t h e  f i g u r e .  The f o r c i n g  
ampl i tude o f  t h e  e x c i t a t i o n  a t  t h i s  f requency was 6.88 p e r c e n t  o f  t h e  time-mean 

c e n t e r l i n e  a x i a l  v e l o c i t y  a t  t h e  nozz le  e x i t  (uie/Uce). The a x i a l  l o c a t i o n  o f  

t h e  " s a t u r a t i o n "  p o i n t  was a t  x / D  = 2. t h e  growth and decay o f  t h e  i n s t a b i l -  
i t y  wave agrees w i t h  t h e  d a t a  o f  Raman e t .  a1 ( r e f s .  13 and 14) for  h i g h l y  t u r -  
b u l e n t  n o n s w i r l i n g  j e t s  e x c i t e d  a t  h i g h  amp l i t udes .  

F igu re  5 shows t h e  streamwise e v o l u t i o n  o f  v e l o c i t y  s p e c t r a  a l o n g  t h e  j e t  
a x i s  a t  an e x c i t a t i o n  f requency o f  330 Hz ( S t  = 0.39).  The i s o l a t e d  peaks a t  

5 
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660 Hz ( f i r s t  harmonic) and 990 Hz (second harmonic) w e r e  n o t  a m p l i f i e d  by  t h e  
f low and t h e r e f o r e  n o t  cons idered i n  t h i s  s tudy.  Also from t h i s  f i g u r e ,  i t  i s  
c l e a r  t h a t  no growth of t h e  subharmonic (165 Hz) i s  exper ienced i n  t h e  case o f  
t h e  s w i r l i n g  j e t  e x c i t e d  by p lane  waves. Th is  o b s e r v a t i o n  i s  q u i t e  d i f f e r e n t  
from t h a t  o f  t h e  n o n s w i r l i n g  j e t s ,  i n  which cons ide rab le  growth o f  t h e  subhar- 
monic i s  measurable as a r e s u l t  o f  e x c i t a t i o n  a t  S t  = 0 . 5  ( r e f .  15).  

D i s t r i b u t i o n s  o f  t o t a l  a x i a l  t u rbu lence  i n t e n s i t y  a long  t h e  j e t  c e n t e r l i n e  
for t h e  unexc i ted  and e x c i t e d  ( S t  = 0.39) cases a re  compared i n  f i g u r e  6 ( a > .  
I t  i s  seen t h a t  as a r e s u l t  o f  e x c i t a t i o n ,  t h e  t o t a l  a x i a l  t u r b u l e n c e  i n t e n s i t y  
a t  t h e  nozz le  e x i t  has been a lmost  doubled and t h e  l o c a t i o n  o f  i t s  maximum 
va lue  on t h e  j e t  a x i s  has moved upstream from x / D  = 6 t o  x / D  = 2.5.  For a 
s i m i l a r  e x c i t e d  j e t  w i t h o u t  s w i r l ,  t h e  peak va lue  i s  reached a t  a l o c a t i o n  much 
f u r t h e r  downstream ( x / D  = 9)  ( r e f .  13).  

I n f l u e n c e  o f  E x c i t a t i o n  on Mean Flow 

The main purpose o f  e x c i t i n g  t h e  j e t  i s  u s u a l l y  t o  enhance m i x i n g .  A l t e r -  
a t i o n s  i n  m i x i n g  can be observed by comparing t h e  mean flow parameters w i t h  and 
w i t h o u t  e x c i t a t i o n .  The decay o f  t h e  time-mean a x i a l  v e l o c i t y  a l o n g  t h e  j e t  
a x i s  i s  compared f o r  e x c i t e d  and unexc i ted  cases i n  f i g u r e  6 (b> .  From t h i s  
f i g u r e  i t  i s  c l e a r  t h a t  e x c i t a t i o n  r e s u l t s  i n  a f a s t e r  decay s t a r t i n g  immedi- 
a t e l y  downstream from t h e  nozz le  e x i t .  The f a s t e r  decay o f  t h e  mean c e n t e r l i n e  
a x i a l  v e l o c i t y  i s  an i n d i c a t i o n  of more j e t  spreading and enhanced m i x i n g .  The 
enhanced m i x i n g  i s  f u r t h e r  conf i rmed i n  f i g u r e  7, where t h e  r a d i a l  d i s t r i b u -  
t i o n s  o f  mean a x i a l  v e l o c i t y  a t  x / d  = 7,  f o r  e x c i t e d  and u n e x c i t e d  cases a r e  
compared. The h a l f  v e l o c i t y  r a d i u s  has increased by about 13.2 p e r c e n t  as a 
r e s u l t  o f  e x c i t a t i o n .  

Comparison o f  S w i r l i n g  and N o n s w i r l i n g  J e t s  

The v a r i a t i o n  o f  momentum t h i c k n e s s  a long  t h e  j e t  a x i s  f o r  t h e  u n e x c i t e d  
s w i r l i n g  j e t  w i t h  s w i r l  number o f  S = 0.12 i s  p l o t t e d  i n  f i g u r e  8. The v a l u e  
f o r  t h e  e x c i t e d  s w i r l i n g  j e t  a t  x / D  = 7 i s  a l s o  shown, which i n d i c a t e s  an 
i nc rease  o f  about 5.8 pe rcen t  ove r  t h e  unexc i ted  case and i s  a f u r t h e r  i n d i c a -  
t i o n  o f  enhanced m i x i n g .  The momentum t h i c k n e s s  used here i s  d e f i n e d  as 

e = I [(u/Uc) (1 - UIUc)]dr 

Data for  a s i m i l a r  j e t  b u t  w i t h o u t  s w i r l  ( r e f .  16) a re  a l s o  p l o t t e d  i n  t h e  same I 

Th i s  i s  an i n d i c a t i o n  o f  h i g h e r  spread r a t e  o f  t h e  s w i r l i n g  j e t  compared t o  1 

f i g u r e .  For a g i v e n  a x i a l  l o c a t i o n ,  t h i s  f i g u r e  i n d i c a t e s  t h a t  t h e  momentum 
t h i c k n e s s  f o r  t h e  s w i r l i n g  j e t  i s  h i g h e r  than t h a t  o f  t h e  n o n s w i r l i n g  j e t .  

t he  n o n s w i r l i n g  j e t  a t  a l l  a x i a l  l o c a t i o n s .  I t  a l s o  i n d i c a t e s  t h a t  t h e  r a d i a l  
g r a d i e n t  o f  t h e  time-mean a x i a l  v e l o c i t y  f o r  t h e  s w i r l i n g  j e t  i s  l e s s  than  t h e  
corresponding va lue of the  n o n s w i r l i n g  j e t .  S ince,  based on t h e  l i n e a r  s t a b i l -  
i t y  t h e o r y  ( r e f .  17) t h e  growth o f  t h e  i n s t a b i l i t y  wave i s  p r o p o r t i o n a l  t o  t h e  
magnitude o f  t h e  mean a x i a l  v e l o c i t y  g r a d i e n t ,  then a t  a g i v e n  l o c a t i o n  a l o n g  
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L L,,e j e t  c e n t e r l i n e ,  t h e  i n s t a b i l  ty  wave has a lower  growth r a t e  for t h e  s w i r l -  
i n g  j e t  as compared to  t h e  n o n s w i r l i n g  j e t  under t h e  same c o n d i t i o n s .  There- 
fore, t h e  e f f e c t  o f  e x c i t a t i o n  on a s w i r l i n g  j e t  i s  l e s s  pronounced, compared 
t o  t h e  n o n s w i r l i n g  j e t .  Th i s  a l s o  suggests t h a t ,  m i x i n g  enhancement o f  s w i r l -  
i n g  j e t s  by e x c i t a t i o n  r e q u i r e s  f o r c i n g  a t  h i g h e r  ampl i tudes compared to  t h e  
n o n s w i r l i n g  j e t s .  

S w i r l  Number V a r i a t i o n  

To i n v e s t i g a t e  t h e  e f f e c t  of s w i r l  number on j e t  e x c i t a b i l i t y ,  t h e  30 mesh 
screen, which was l o c a t e d  upstream o f  t h e  nozz le  was removed. As a r e s u l t ,  
t h e  maximum time-mean a x i a l  and t a n g e n t i a l  v e l o c i t i e s  w e r e  i nc reased  t o  286 f p s  
(87.2 m/sec) and 86.3 f p s  (26.3 m/sec) r e s p e c t i v e l y  as shown i n  f i g u r e s  9(a> 
and ( b ) .  The s w i r l  number was consequent ly  i nc reased  from S = 0.12 t o  
S = 0.18. D i s t r i b u t i o n s  o f  time-mean a x i a l  v e l o c i t y  and t u r b u l e n c e  i n t e n s i t y  
a l o n g  t h e  j e t  a x i s ,  f o r  t h e  j e t s  w i t h  t h e  two d i f f e r e n t  s w i r l  numbers s t u d i e d  
a r e  p l o t t e d  i n  f i g u r e s  10 and 11. I t  seems, from f i g u r e  10, t h a t  w i t h  an 
i nc rease  i n  s w i r l  number and w i t h  no e x c i t a t i o n ,  t h e  decay o f  time-mean a x i a l  
v e l o c i t y  s t a r t e d  f u r t h e r  upstream and a lmost  immediate ly  a f t e r  t h e  n o z z l e  
e x i t ,  and t h e  "nominal "  p o t e n t i a l  core disappeared. The t u r b u l e n c e  i n t e n s i t y  
a t  t h e  nozz le  e x i t  i s  a l s o  i nc reased  for t h e  h i g h e r  s w i r l  number case by  about  
60 pe rcen t  and t h e  downstream l o c a t i o n  o f  i t s  maximum va lue  i s  moved f u r t h e r  
upstream from x / D  = 6 t o  about x / D  = 3 ( f i g .  1 1 ) .  

The j e t ,  w i t h  t h e  h i g h e r  s w i r l  number o f  S = 0.18, was then e x c i t e d  a t  
t h e  same amp l i t ude  as b e f o r e  and a t  v a r i o u s  f r e q u e n c i e s .  Even though t h e  
i n s t a b i l i t y  waves e x h i b i t e d  growth a long  t h e  j e t  a x i s  ( d a t a  n o t  shown i n  t h i s  
paper) ,  no e f f e c t  on spread r a t e  and m i x i n g  enhancement was observed as a 
r e s u l t  o f  e x c i t a t i o n .  I n  a d d i t i o n  t o  t h e  i s s u e  o f  decreased r a d i a l  g r a d i e n t  o f  
a x i a l  v e l o c i t y  which was d iscussed before, another  p o s s i b l e  e x p l a n a t i o n  for t h e  
above can be seen from f i g u r e  11. The d i s t r i b u t i o n  o f  t u r b u l e n c e  i n t e n s i t y ,  
a long  t h e  j e t  a x i s ,  for  t h e  u n e x c i t e d  j e t  a t  t h e  h i g h e r  s w i r l  number of 
S = 0.18 a lmost  c o i n c i d e s  w i t h  t h a t  o f  t h e  e x c i t e d  j e t  w i t h  S = 0.12. There- 
fore t h e  h i g h e r  s w i r l i n g  j e t  seems t o  be s e l f  e x c i t e d  and consequent ly  may 
be i n s e n s i t i v e  t o  any a d d i t i o n a l  e x c i t a t i o n .  The h i g h e r  i n i t i a l  t u r b u l e n c e  of 
t h e  j e t  w i t h  s w i r l  number o f  S = 0.18 compared t o  t h e  j e t  a t  S = 0.12 m igh t  
a l s o  be another  e x p l a n a t i o n  for  u n e x c i t a b i l i t y  o f  t h i s  j e t  ( r e f .  15) .  Accord- 
i n g  to  t h i s  re fe rence ,  " i n c r e a s i n g  t h e  upstream t u r b u l e n c e  d i m i n i s h e s  t h e  
e x c i t a b i l i t y  o f  t h e  j e t  and reduces t h e  e f f e c t  o f  e x c i t a t i o n  on t h e  spreading 
r a t e  o f  the  j e t . "  

More pa ramet r i c  s t u d i e s  a r e  scheduled to  i s o l a t e  t h e  o t h e r  e f f e c t s  such 
as, maximum t a n g e n t i a l  v e l o c i t y  a t  t he  nozz le  e x i t  and e x c i t a t i o n  l e v e l  as 
w e l l  as Mach and Reynolds numbers. 

CONCLUSIONS 

Plane wave a c o u s t i c  e x c i t a t i o n  r e s u l t e d  i n  a growth and subsequent decay 
o f  t h e  shear l a y e r  i n s t a b i l i t y  wave o f  a s w i r l i n g  j e t  hav ing  a s w i r l  number o f  
S = 0.12. No growth 
o f  the  subharmonic was observed a long  t h e  j e t  a x i s  a t  t h e  e x c i t a t i o n  f requen-  
c i e s  examined. The " p r e f e r r e d "  S t rouha l  number, based on mass averaged a x i a l  
v e l o c i t y  and nozz le  e x i t  d iameter ,  was about 0.39. 

This  behav io r  was s i m i l a r  t o  t h a t  o f  a n o n - s w i r l i n g  j e t .  

E x c i t a t i o n  a t  t h i s  
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f r equency  r e s u l t e d  i n  a f a s t e r  decay o f  time-mean a x i a l  v e l o c i t y  a l o n g  t h e  j e t  
c e n t e r l i n e .  The h a l f  v e l o c i t y  r a d i u s  and momentum t h i c k n e s s ,  a t  seven n o z z l e  
d iamete rs  downstream, i n c r e a s e d  by about  13.2 and 5.8 p e r c e n t  r e s p e c t i v e l y ,  
i n d i c a t i n g  more j e t  sp read ing  and m i x i n g  enhancement. An i n c r e a s e  i n  s w i r l  
number, from S = 0.12 to  S = 0.18 r e s u l t e d  i n  d r a s t i c  changes i n  t h e  
time-mean and f l u c t u a t i n g  v e l o c i t y  d i s t r i b u t i o n s .  The t u r b u l e n c e  i n t e n s i t y  a t  
t h e  c e n t e r  o f  t h e  n o z z l e  e x i t  was i n c r e a s e d  by  about  60 p e r c e n t  a t  t h e  h i g h e r  
s w i r l  number. The h i g h e r  s w i r l i n g  j e t  (S = 0.18) was a l s o  e x c i t e d  a t  t h e  same 
amp l i t udes  and v a r i o u s  f requenc ies  as b e f o r e .  Even though t h e  g rowth  o f  t h e  
i n s t a b i l i t y  wave was measured a l o n g  t h e  j e t  a x i s ,  no  e f f e c t  on t h e  j e t  spread 
r a t e  and m i x i n g  enhancement was n o t i c e d  as a r e s u l t  o f  e x c i t a t i o n .  A d d i t i o n a l  
p a r a m e t r i c  s t u d i e s  des igned to  f u r t h e r  i n v e s t i g a t e  t h e  above phenomenon, w i l l  
be conducted short ly.  
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